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Abstract. In May 2008, the measurement campaign IM-
PACT for observation of atmospheric aerosol and cloud
properties was conducted in Cabauw, The Netherlands. With
a nudged version of the coupled aerosol-climate model
ECHAM5-HAM we simulate the size distribution and chem-
ical composition of the aerosol and the associated aerosol
optical thickness (AOT) for the campaign period. Synoptic
scale meteorology is represented realistically through nudg-
ing of the vorticity, the divergence, the temperature and the
surface pressure. Simulated concentrations of aerosol sulfate
and organics at the surface are generally within a factor of
two from observed values. The monthly averaged AOT from
the model is 0.33, about 20% larger than observed. For se-
lected periods of the month with relatively dry and moist con-
ditions discrepancies are approximately −30% and +15%,
respectively. Discrepancies during the dry period are partly
caused by inaccurate representation of boundary layer (BL)
dynamics by the model affecting the simulated AOT. The
model simulates too strong exchange between the BL and the
free troposphere, resulting in weaker concentration gradients
at the BL top than observed for aerosol and humidity, while
upward mixing from the surface layers into the BL appears
to be underestimated. The results indicate that beside aerosol
sulfate and organics also aerosol ammonium and nitrate sig-
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nificantly contribute to aerosol water uptake. The simulated
day-to-day variability of AOT follows synoptic scale advec-
tion of humidity rather than particle concentration. Even for
relatively dry conditions AOT appears to be strongly influ-
enced by the diurnal cycle of RH in the lower boundary layer,
further enhanced by uptake and release of nitric acid and am-
monia by aerosol water.
1 Introduction
Aerosol particles directly scatter part of the solar radiation
back to space, and in addition they influence cloud optical
characteristics and cloud lifetime through the so-called first
and second aerosol indirect effects (e.g., Lohmann and Fe-
ichter, 2005). Anthropogenic activities have caused an in-
crease of the atmospheric burden of aerosol and aerosol pre-
cursors compared to the pre-industrial atmosphere, and this
may have altered regional and global radiative cloud forc-
ing (e.g., Forster et al., 2007). The large spatial and temporal
variability in size, chemical composition, and hygroscopicity
of particles impede accurate estimation of the aerosol direct
and indirect forcing (Textor et al., 2006) and lead to large
uncertainties in assessing the sensitivity of climate to human
perturbations and in projections of climate change (Andreae
et al., 2005).
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To estimate the magnitude of the radiative forcing due to
aerosol direct and indirect effects, coupled aerosol-climate
models that simulate activation of aerosol to cloud droplets
can be applied (Lohmann et al., 2007; Penner et al., 2006).
Due to the complexity of aerosol processes and inaccuracies
in the representation of the hydrological cycle, current model
estimates of the radiative forcing display a large range, be-
tween −0.2 and −0.9 W m−2 for the direct effect and be-
tween −0.5 and −1.5 W m−2 for the indirect effect (Forster
et al., 2007; Quaas et al., 2009). Analysis of aerosol prop-
erties retrieved from satellite measurements may help to de-
crease current uncertainties in aerosol burden and global dis-
tribution (e.g., Kaufman et al., 2002). Retrieved aerosol op-
tical thickness (AOT) is assumed to indicate the aerosol col-
umn burden while the Angstro¨m exponent can be used to es-
timate the fine fraction of the aerosol, often associated with
the anthropogenic contribution (Kaufman et al., 2005; An-
derson et al., 2005). Estimates of the aerosol climate forc-
ing based on satellite retrieval are -0.8±0.1 W m−2 (Bellouin
et al., 2005) and −0.9±0.4 W m−2 (Quaas et al., 2008) for
the direct effect, and −0.2±0.1 W m−2 for the indirect ef-
fect (Quaas et al., 2008). Satellite based aerosol retrievals
are characterized by considerable uncertainties associated for
example with surface albedo or cloud contamination, but the
inconsistency between model and remote sensing estimates
may also be due to the model representation of aerosol and
cloud processes (Quaas et al., 2009) or the uncertain influ-
ence of black carbon (Myhre et al., 2009). Other reasons are
associated with relative humidity (RH). These are the non-
linear swelling of hygroscopic aerosol through water uptake
especially for RH larger than ∼80% (Schuster et al., 2006),
the influence of cloud processing on AOT and Angstro¨m ex-
ponent (Roelofs and Kamphuis, 2009), and the influence of
RH and its sub-grid scale variability (Bian et al., 2009; Jeong
et al., 2007).
In this study we simulate atmospheric aerosol and AOT
in May 2008, with the coupled aerosol-climate model
ECHAM5-HAM. The model contains a size-resolved repre-
sentation of aerosol and different aerosol components, and
a sophisticated aerosol activation and cloud chemistry pa-
rameterization. The purpose of the study is to validate sim-
ulated aerosol properties and AOT, and to investigate the
contribution of different parameters (particle concentrations,
chemical composition and RH) on the column integrated
AOT. For the validation of aerosol parameters we use mea-
surements obtained during the IMPACT campaign in May
2008 (Intensive Measurement campaign at Cabauw Tower)
(Cabauw, The Netherlands, 51◦58′ N, 4◦54′ E). IMPACT was
conducted as part of EUCAARI (European Integrated Project
on Aerosol Cloud Climate Air Quality Interactions), a Euro-
pean project aimed to reduce uncertainties associated with
aerosol climate effects and to quantify the impact on cli-
mate of air quality directives in Europe. Measurements were
conducted at the surface, from a 200 m measurement tower,
with balloon sondes and from a helicopter and from air-
craft. These resulted in detailed information on meteorolog-
ical parameters, aerosol size-distribution and chemical com-
position, atmospheric trace gases, radiative fluxes and cloud
parameters. For more information on EUCAARI we refer to
the overview paper by Kulmala et al. (2009). For AOT we
use values from the Aerosol Robotic Network (AERONET,
http://aeronet.gsfc.nasa.gov/). AERONET is a worldwide net
of ground-based remote sensing of aerosol that provides ob-
servations of spectral AOT and several inversion products.
Section 2 of this manuscript provides a description of the
coupled aerosol-climate model. Section 3 presents a compar-
ison of observed and simulated meteorological parameters
and aerosol optical and chemical properties in May 2008 at
Cabauw. In Sect. 4 three characteristic episodes in this month
are discussed in more detail. Section 5 presents a summary
of the results and conclusions.
2 Model description
We use a version of the coupled aerosol-climate model
ECHAM5-HAM similar to the one applied by Stier et
al. (2005). ECHAM5-HAM consists of the general cir-
culation model ECHAM version 5 and an aerosol module
(HAM). The model uses 19 vertical layers in a hybrid σ -p-
coordinate system, from the surface to 10 hPa. Average pres-
sure levels in the troposphere are 990, 970, 950, 900, 840,
760, 670, 580, 490, 400, 320 and 250h Pa, referring to ap-
proximate mid-layer altitudes of 0.03, 0.14, 0.38, 0.78, 1.4,
2.1, 3.1, 4.2, 5.6, 7.0, 8.6 and 10.2 km above the surface, re-
spectively. The model resolution is T63, corresponding with
a horizontal resolution of ∼1.8◦ (∼120 km at 52◦ N) and a
time resolution of 15 minutes. The meteorology is nudged
with ECMWF 6hourly spectral analysis data for vorticity,
divergence, temperature and surface pressure, starting from
January 2008. The parameters are used by ECHAM5 to com-
pute actual wind fields. Further, atmospheric water vapor is
not nudged but follows directly from the simulation of the
atmospheric hydrological cycle.
HAM accounts for emissions of primary aerosol and
aerosol precursors, chemical transformations, nucleation of
new particles and condensation of semi-volatile H2SO4 on
existing particles, coalescence between particles and dry and
wet deposition. The core of HAM is the aerosol dynami-
cal module M7 (Vignati et al., 2004; Wilson et al., 2001).
M7 describes the aerosol population with four soluble and
three insoluble aerosol modes composed of (mixtures of) sul-
fate, organic carbon, black carbon, sea salt and dust. The
modes are described as lognormal distributions of particle
concentrations, and each mode is characterized by the to-
tal particle number concentration and mass of associated
aerosol components. The size ranges considered are below
0.005 µm dry particle radius for the nucleation mode, be-
tween 0.005 and 0.05 µm dry particle radius for the Aitken
mode, between 0.05 and 0.5 µm dry particle radius for the
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accumulation mode, and above 0.5 µm dry particle radius
for the coarse mode. The model considers emissions of the
aerosol precursor gas SO2 and dimethyl sulfide, and calcu-
lates sulfate formation in the gaseous and aqueous phase us-
ing offline oxidant fields. All other emissions are treated
as primary. Also, formation of secondary organic aerosol
(SOA) is not calculated explicitly but all organics are emit-
ted as primary particles. The molecular weight of oxalic
acid is taken to be representative for the organic matter, and
the organics are distributed evenly over the soluble and in-
soluble aerosol modes. The organics in the soluble aerosol
are assumed to have a soluble fraction of 50% while sur-
face tension effects are neglected. The emissions of dust,
sea salt, dimethyl sulfide and marine organics are calculated
online (Stier et al., 2005; Roelofs, 2008). The emissions
of other aerosol compounds are based on the AEROCOM
emission inventory and representative for the year 2000
(Dentener et al., 2006). In the Cabauw grid point anthro-
pogenic emissions dominate, with 1.5×10−10 kg S m−2 s−1
and 3.0×10−11 kg organic C m−2 s−1.
The bulk cloud chemistry scheme in ECHAM5-HAM
has been replaced with a cloud processing parameterization
(Roelofs et al., 2006). First, the cloud drop number con-
centration is estimated through an empirical approach. The
second step in the parameterization calculates aqueous phase
formation of sulfate and its distribution over the different ac-
tivated modes, i.e., the modes that contribute to the cloud
drop number concentration. The parameterization is linked
to the climate model’s large-scale cloud scheme (Lohmann
and Roeckner, 1996). In the current study the cloud droplet
concentration is not coupled to the calculation of precipi-
tation formation and cloud optical properties, implying that
aerosol indirect effects are not considered.
North-West Europe is characterized by relatively high con-
centrations of nitric acid and ammonia (e.g., Myhre et al.,
2006). Our model does not consider aerosol chemistry asso-
ciated with nitric acid and ammonia, although a prescribed
aerosol ammonium concentration results from our assump-
tion that half of the computed sulfate amount is immediately
neutralized by ammonium. We implemented a simple equi-
librium dissolution and dissociation module for nitric acid,
which is considered on the Cabauw grid point for AOT calcu-
lations only. A HNO3 gas phase concentration in the bound-
ary layer of 3 ppb is prescribed, which corresponds to the
sum of the observed HNO3 and aerosol nitrate concentra-
tions of ∼8 µg/m3.
The AOT calculations are based on the simulated modal
masses of the individual aerosol components and the parti-
cle number concentration for each mode. These are used to
calculate the median dry particle radius, and for the soluble
modes also the median wet radius. In the standard model ver-
sion the wet radius is calculated from the simulated aerosol
sulfate and sea salt burdens (Vignati et al., 2004). In the
present study we employ a more versatile approach based on
the Koehler equation that considers also ammonium, nitrate,
hydrogen ions and soluble organic matter. Each simulated
aerosol species is associated with a complex refractive index
that is used for calculating its optical properties based on Mie
theory (see Stier et al., 2005).
3 Results
3.1 Meteorological and aerosol parameters
Figure 1 shows the distribution of simulated AOT over Eu-
rope for the periods 6–11, 12–16, 17–22 and 23–31 May. The
location of Cabauw is indicated. According to the model, the
Netherlands, Germany, Denmark and southern Scandinavia
were characterized by relatively small AOT between 6–11
May, on average below 0.2, while AOT over the south of Eu-
rope and the United Kingdom was larger, between 0.5–0.9.
Between 12–16 May a band of relatively high AOT is situ-
ated over The Netherlands and southern part of the United
Kingdom, with AOT values over the Netherlands and Ger-
many ranging between 0.4 and 0.9. Between 17–22 May
relatively clean marine air is advected into The Netherlands
from the north, and AOT over Cabauw is smaller again. In
the last week of the month, between 23 and 31 May, sim-
ulated AOT over Cabauw is relatively large, ∼1.4. This is
associated with a combined influence of European pollution
stretching in a latitudinal band at 52◦ N between 4◦ W and
20◦ E and desert dust from the Sahara that is advected north-
ward between 4◦ E and 10◦ E.
Figure 2 shows AOT and the Angstro¨m exponent from
AERONET at Cabauw in May 2008. We transformed
the measurements for 440 nm by means of the observed
Angstro¨m exponent to 553 nm, the wavelength employed by
ECHAM. We included data from level 1.5 (cloud-screened)
as well as from level 2.0 (cloud-screened and quality as-
sured). Figure 2 also shows simulation results filtered for
cloudy conditions, i.e., the simulated grid point-averaged liq-
uid water and ice columns combined do not exceed a thresh-
old of 0.05 g/m2. The figure shows that for this threshold the
simulation data are more consistent with the L1.5 than with
the L2.0 AERONET data, for example on 17 May but espe-
cially after 24 May when the atmosphere above Cabauw con-
tains relatively large quantities of Sahara dust. It is possible
that in the quality assurance procedure these AERONET data
were associated with cloudy conditions and consequently ex-
cluded. Because of the higher consistency with the simula-
tion results we will consider the AERONET L1.5 data in the
remainder of this study. The estimated uncertainty of AOT
from AERONET is ±0.02 (Eck et al., 2005).
It must be remarked that a comparison between grid-
averaged simulation results and local observations such as
presented in this study can be hampered by scale differences
between both data sets. The representativity of a comparison
depends on the spatial distribution of emissions, on specific
lifetimes of trace species for chemical destruction, transport
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Figure 1. Simulated AOT averaged over a) May 6-11; b) May 12-16; c) May 17-22 and d) 
May 23-31. The black dots indicate the location of Cabauw. 
a: May 6-11 b: May 12-16 
c: May 17-22 d: May 23-31 
Fig. 1. Simulated AOT averaged over (a) 6–11 May; (b) 12–16 May; (c) 17–22 May and (d) 23–31 May. The black dots indicate the location
of Cabauw.
and deposition, and on small-scale variabilities in meteoro-
logical parameters. The transport time through a grid box
in our model is typically on the order of one to a few hours
whereas the lifetime of aerosol is on the order of a few days.
Therefore, sub-grid scale variabilities in aerosol composi-
tion and concentration due to synoptic advection are prob-
ably small. Humidity and clouds, on the other hand, may
display spatial variabilities on scales smaller than the grid
size, especially in the moist second half of the month, which
may contribute to any discrepancy between model result and
observation.
The simulated time series of AOT and the Angstro¨m expo-
nent (AE) are qualitatively consistent with AERONET L1.5
but several discrepancies can be noticed. Between 1–6 May
the model situates two relatively narrow dust filaments, rem-
nants of a Saharan dust event that occurred in April 2008,
north and south of Cabauw (not shown). Considering the
relatively large AOT and highly variable Angstro¨m exponent
(Fig. 2b) it is possible that on 2 and 3 May one filament was
detected above Cabauw by AERONET, but this is not simu-
lated. The other filament influences the Cabauw model grid
point on 6 May, with an AOT larger than observed. Between
7–12 May simulated AOT is smaller than observed and does
not reproduce the observed diurnal variability. AOT is also
underestimated during 18–22 May. Between 13–17 and 23–
31 May the model simulates larger AOT, qualitatively con-
sistent with AERONET but about double the observed values
during 28–31 May. AE (Fig. 2b) shows considerable scatter
in the first four days, followed by relatively high values un-
til 24 May indicating a relatively large fraction of fine mode
particles, and relatively small values after 24 May (only in
L1.5) indicating a significant coarse mode particle concen-
tration. Simulated AE is of the right order of magnitude be-
tween 5–9 May. After that it increases until 12 May rather
than decrease as observed. Simulated and observed AE are
in better agreement after 18 May.
The average observed AOT (553 nm, L1.5) in May 2008
in Cabauw is 0.275. The average simulated AOT for the
cloud filter applied is 0.329, 20% larger than observed. This
value is indicative only: for threshold values of 0.01 g/m2
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a 
b 
Figure 2. a) AOT and b) Angström exponent from the simulation (black) and from 
AERONET (orange: L1.5; blue: L2.0) 
Fig. 2. (a) AOT (553 nm) and (b) Angstro¨m exponent from the simulation (black) and from AERONET (orange: L1.5; blue: L2.0).
and 0.10 g/m2 the average AOT is 0.230 and 0.396, respec-
tively. The simulated contributions to AOT (553 nm) by the
fine (Aitken and accumulation) and coarse mode fractions
are 0.241 and 0.088, respectively, as compared to observed
values of 0.180 and 0.095, respectively (not shown).
Figure 2 suggest that the campaign consisted of a sequence
of periods with typical AOT values. The individual peri-
ods are influenced by the governing wind direction, shown
in Fig. 3a, with wind coming from the southeast (2–4 May),
from the east (4–12 May), from the northeast and north (13–
21 May), and from the east again (22–26 May). Generally,
winds coming from a direction between northeast and south
advect continental polluted air to Cabauw, and winds coming
from the northwest advect cleaner marine air (e.g., Khlystov
et al., 1996; Kusmierczyk-Michulec et al., 2007). Between
26–31 May the weather at Cabauw is influenced by an oc-
clusion, leading to rapid variations in wind direction. As a
result, a sharp minimum in AOT and maximum of AE oc-
cur in the night of 28–29 May (see Fig. 2a), associated with
meandering of the dust plume. These are simulated correctly
albeit a few hours later than observed. Although the daily
variability is underestimated the simulated wind direction at
10m is generally consistent with the observations, except for
1–2 and 29–31 May.
Figure 3b displays measurements from a condensation
particle counter (CPC; TSI UCPC 3786) operated by ICG-
2 Ju¨lich (http://www.fz-juelich.de/icg/icg-2), and the simu-
lated fine (i.e., Aitken and accumulation) mode particle con-
centrations. The synoptic variability in observed and simu-
lated concentrations appears similar. During the periods with
wind from the east (5–12 and 22–25 May) observed concen-
trations are about twice the simulated concentration, which
is partly due to the different lower size limits in the obser-
vations and in the model (3 and 5 nm radius, respectively).
The observations display daily peaks up to ∼20 000 cm−3 in
the morning and afternoon, likely associated with efficient
photochemical new particle formation. The model qualita-
tively captures this behaviour. We remark that new particle
formation associated with these peaks has been observed in
the residual layer as well (Wehner et al., 2010). After 25 May
the model simulates a strong concentration increase associ-
ated with advection of Saharan dust, while the observations
show a similar increase a few days later. The discrepancy
is probably associated with the complex meteorology asso-
ciated with the occlusion. The simulated integrated water
vapor (IWV) shown in Fig. 3c agrees relatively well with the
observations, although the model tends to overestimate IWV
by 10–20%.
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Figure 3. Observed (blue) and simulated (black) a) 10 m wind direction (degrees), b) surface 
concentration of fine mode particles(< 1 µm diameter; cm-3), and c) water vapor column (IWV, 
kg/m2). 	

a 
b 
c 
Fig. 3. Observed (blue) and si ulated (black) (a) 10 m wind
direction (degrees), (b) surface concentration of fine mode
particles(<1 µm diameter; cm−3), and (c) water vapor column
(IWV, kg/m2).
Figure 4. Observed surface PM10 (blue), and simulated daily averages of total aerosol mass 
(black) and dust mass (red) (µg/m3) .	

Fig. 4. O rved surface PM10 (blue), and simulated d ily averages
of total aerosol mass (black) and dust mass (red) (µg/m3).
3.2 Aerosol physical and chemical properties
Figure 4 shows the simulated total aerosol mass at the sur-
face and the observed PM10 (total mass for particle diameter
smaller than 10 µm; http://www.lml.rivm.nl/). The simulated
aerosol mass is smaller than the observed PM10 for most of
the month mainly because of underestimation of aerosol ni-
trate and ammonium, as will be discussed later. The model
simulates two periods where dust contributes significantly to
the aerosol mass at the surface. The first event occurs around
6 May and has been discussed in Sect. 3.1. The second and
largest event occurs between 26–31 May, when Saharan dust
contributes ∼70% to the simulated aerosol mass at the sur-
face. Uncertainties in emission, transport and gravitational
settling of dust, and possible inconsistencies in the model
representation of the relatively complex meteorology over
NW Europe on these days may have contributed to the over-
estimation of aerosol mass at the surface, largest on 26–27
May.
Figure 5 compares simulated and observed masses of
aerosol species. Blue dots refer to mass spectrometer mea-
surements from ICG-2 Ju¨lich (Canagaratna et al., 2007).
Canagaratna et al. (2007) mention that the lens of the AMS
instrument, a PM1 instrument, offers 100% transmission for
particles in the aerodynamic diameter range of 70–500 nm
and 50% transmission for particles with 1000 nm diameter.
The observations therefore can be considered to reflect the
mass contained by particles smaller than 0.56 µm diame-
ter (0.28 µm radius). This corresponds with a subset of the
fine mode aerosol in the model, with an upper size limit
of 0.5 µm radius. The green dots refer to MARGA-sizer
measurements from ECN (Energieonderzoek Centrum Ned-
erland; http://www.ecn.nl) and reflect the total (i.e., fine +
coarse mode) mass of the aerosol components.
Figure 5a shows aerosol sulfate concentrations. The calcu-
lated order of magnitude is similar as observed, but the model
severely overestimates sulfate on 16–17 and 25–28 May. 16–
17 May are characterized by a northerly wind that transports
cleaner air to Cabauw from the North Sea, and cloudiness.
However, in the model Cabauw is located in a land grid with
significant emissions of pollutants, a.o. SO2. These are in-
stantaneously mixed throughout the grid point and influence
simulated sulfate levels regardless of wind direction. The
overestimate during 25–28 May is probably associated with
the overestimation of the atmospheric dust burden (Fig. 4).
During its northward transport over the European continent
dust interacts with gaseous and particulate pollutants. De-
position of sulfuric acid on the dust surface and coagula-
tion with pollution aerosol may explain the relatively large
amounts of sulfate and organic matter.
Observed nitrate concentrations (Fig. 5b) range between
3 and 10 µg/m3 with occasional peaks of 20–30 µg/m3 in
relatively moist periods (13–17 May and after 26 May).
This suggests that in periods with a high relative humidity
the aerosol nitrate uptake by the arosol is significantly en-
hanced. Simulated concentrations of aerosol nitrate, based
on an initial HNO3 concentration of 3 ppbv, are on the or-
der of 0.7 µg/m3. This is negligible compared to the obser-
vations although during moist periods simulated aerosol ni-
trate reaches 3–5 µg/m3. Simulated ammonium concentra-
tions (Fig. 5c) are about half the values observed. The sim-
ulated aerosol ammonium directly follows from our assump-
tion that aerosol sulfate is in the form of ammonium bisulfate.
The potential role of ammonium and nitrate for AOT will be
discussed in more detail in Sect. 4.3.
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Figure 5. Observed (blue, green) and simulated (black) concentrations (µg/m3) of a) sulfate, b) 
nitrate,  c)  ammonium,  d)  organics  and  e)  chloride.  Observations  are  from  IMPACT,  and 
simulation results pertain to the Cabauw grid point. Measurements in blue are from ICG-2 Jülich 
(Germany) and reflect particle sizes < 0.56 µm diameter. Measurements in green are from ECN 
(The Netherlands) and reflect total aerosol mass. 	

c 
b 
a 
Figure 5 (cont.)	

d 
e 
Fig. 5. Observed (blue, green) and simulated (black) concentrations
(µg/m3) of (a) sulfate, (b) nitrate, (c) ammonium, (d) organics and
(e) chloride. Observations are from IMPACT, and simulation results
pertain to the Cabauw grid point. Measurements in blue are from
ICG-2 Ju¨lich (Germany) and reflect particle sizes <0.56 µm diam-
eter. Measurements in green are from ECN (The Netherlands) and
reflect total aerosol mass.
Simulated daily variability for organic matter (Fig. 5d) is
larger than observed due to the fact that the model assumes
primary emissions instead of more gradual SOA formation
from precursor gases. Nevertheless, on average simulated
and observed concentrations agree relatively well. Chloride
Figure  6.  Observed  (blue)  and  simulated  (black)  concentration  profiles  (cm-3) 
averaged over May 2-14 (daytime) for a) the Aitken mode (size range observations: 
10-150 nm diameter; model: 5-50 nm radius), b) the accumulation mode (size range 
observations: 150-1000 nm diameter; model: 50-500 nm radius), and c) the coarse 
mode (size range observations: 1-3 µm diameter; model: > 0.5 µm radius). Dashed 
lines reflect the simulated standard deviation. 	

c 
b 
a 
Fig. 6. Observed (blue) and simulated (black) concentration profiles
(cm−3) averaged over 2–14 May (daytime) for ( ) the Aitken mode
(siz range observations: 10–150 nm diam ter; model: 5–50 nm ra-
dius), (b) the accumulation mode (size range observations: 150–
1000 nm diameter; model: 50–500 nm radius), and (c) the coarse
mode (size range observations: 1–3 µm diameter; model: >0.5 µm
radius). Dashed lines reflect the simulated standard deviation.
(Fig. 5e) is almost exclusively found in the coarse mode, and
modeled peak concentrations are relatively large compared
to the observations. However, both observations and model
indicate that the chloride fraction in the aerosol is relatively
small during most of the month. We remark that observed
chloride concentrations are correlated relatively well with
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sodium in a mass concentration ratio of ∼1.5, indicating that
chloride is associated with sea salt.
Figure 6 shows simulated and observed particle concen-
tration profiles, averaged over 2–14 May. Simulated values
pertain to the Cabauw grid point sampled between 10:00
and 18:00 h (universal time), while the observations re-
flect aircraft measurements of 10 flights of the DLR Fal-
con over the Netherlands, Britain and Germany during the
same period. These aircraft measurements were part of
the EUCAARI-LONGREX campaign conducted during the
EUCAARI Intensive Observation Period in 2008. The ob-
served aerosol number concentration profiles in Fig. 6 are
based on median values calculated for altitude bins of 800 m,
for cloud-free conditions only. Data are based on measure-
ments with a condensation particle counter and two optical
aerosol spectrometer probes, a PCASP-100X and a FSSP-
300. This instrument configuration is described in more de-
tail by Weinzierl et al. (2009) and Minikin et al. (2003). Al-
though measurements and model consider different modal
size ranges, the qualitative agreement is relatively good for
the accumulation and coarse modes, and simulated accumu-
lation mode particle concentrations are of the same order as
observed. The measurements show rather sharp concentra-
tion gradients for all modes around 2500 m altitude, which
are not represented by the model. Simulated gradients are
considerably weaker for the accumulation and coarse modes,
and not represented at all for the Aitken mode. The relatively
coarse vertical resolution around this altitude (∼750 m) prob-
ably contributes to spurious mixing of aerosol and its precur-
sors between the BL and the free troposphere.
It must be remarked that, although the comparison shown
in Fig. 6 is not spatially and temporally consistent, the mete-
orological conditions were relatively homogeneous and con-
stant over a large part of NW Europe in this period, especially
after 6 May. Therefore, the comparison can be considered
at least qualitatively representative for Cabauw. A total of
three aerosol concentration profiles ranging between the sur-
face and 10 km altitude were measured near Cabauw, on 6,
8, and 21 May. We compared these with the corresponding
simulated profiles, with highly similar results as Figure 6, in-
dicating that the BL mixing inaccuracies in the model are a
large-scale phenomenon during these specific meteorological
conditions.
4 Aerosol, humidity and AOT in selected periods
For a better understanding of the contribution of aerosol
properties and RH to AOT three periods are examined in
more detail, i.e., the relatively dry period between 7–12 May,
the moist period between 22–26 May and the dust event be-
tween 27–30 May. Table 1 shows the average AERONET
and simulated AOT for these periods, and the simulated con-
tributions from the soluble and insoluble accumulation and
coarse modes. Simulated values are filtered for clouds (see
Table 1. Observed and simulated AOT and simulated contributions
from relevant modes in the dry, moist and dust periods.
AERONET ECHAM ECHAM soluble ECHAM insoluble
AOT AOT accum coarse accum coarse
dry 0.183 0.132 0.124 0.006 0.000 0.000
moist 0.402 0.469 0.448 0.014 0.000 0.007
dust 0.500 0.909 0.246 0.206 0.036 0.417
Sect. 3.1), otherwise all available simulation and observa-
tional data have been used in the calculation. Table 1 in-
dicates that the model underestimates AOT in the dry period
by 30%, and overestimates AOT in the moist period by 15%
and in the dust period by 80%. AOT is dominated by the
contribution from the soluble accumulation mode in the dry
and moist periods. In the dust period the soluble and insolu-
ble coarse modes contribute about 70% of the AOT, which is
also expressed in a relatively small AE (Fig. 2b). The simu-
lated Aitken mode contribution to AOT is negligible.
The three periods are further compared in Fig. 7 with
time-averaged profiles for particle number concentrations,
sulfate, RH, the accumulation mode median wet radius, the
scattering coefficient µs (defined as the optical thickness
per unit length) and the normalized cumulative (surface-to-
TOA) AOT for cloud-free conditions. Simulated Aitken
mode particle concentrations are relatively similar for the
three periods, between 3000–4000 cm−3 at the surface to
1000–3000 cm−3 above 500 m (Fig. 7a), reflecting continu-
ous emissions of primary particles and precursor gases in the
Cabauw grid point. Accumulation mode concentrations are
also similar, except for a local maximum at ∼2200 m during
the moist period which is probably associated with synop-
tic scale advection of pollution (Fig. 7b). Surface particle
concentrations maximize in the dry period. Coarse mode
concentrations are relatively small in the dry and moist pe-
riods, and large during the dust period (cf. Table 1), max-
imizing between 2 and 6 km altitude (Fig. 7c). The model
places about 60% of the total dust burden in this period be-
low 2500 m altitude.
Aerosol sulfate concentrations are relatively small in the
dry period (Fig. 7d). In the moist period sulfate maximizes
at 2200 m altitude coinciding with the maximum in the ac-
cumulation mode particle concentration and humidity. This
sulfate originates mostly from in-cloud chemical processes
in aerosol water associated with activated modes, simulated
as described by Roelofs et al. (2006). The model also as-
sociates significant sulfate amounts with the dust plume that
reaches Cabauw at the end of the month. During transport
across Europe the dusty air mixes with pollution and dust
particles below 3000 m are processed through deposition of
sulfuric acid.
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Figure 7. Simulated profiles of number concentrations of a) the Aitken, b) accumulation, and 
c)  coarse  mode  aerosol  (kg-1)  ,  and  of  d)  aerosol  sulfate  (µg  S  kg-1),  e)  RH  (sonde 
measurements in orange), f) median wet radius of the soluble accumulation mode (µm), g) the 
scattering coefficient (km-1) and h) the scaled cumulative optical thickness profile, for the dry 
(May 7-12, solid line), moist (May 22-26, dashed) and dust periods (May 27-30, dotted). 	
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Sonde measurements of temperature and humidity at
Cabauw were performed in the morning, at noon and in the
late afternoon. Figure 7e shows average observed RH pro-
files as well as simulated daytime averaged RH profiles. The
variability of RH in the BL derived from the sonde measure-
ments performed during IMPACT is of the order of 0.1, 0.2
and 0.15 for the dry, moist and dust periods, respectively.
In the dry period simulated RH ranges from 0.55 at the sur-
face to 0.4 at 2000 m. In the moist period simulated RH
below 1500 m altitude is somewhat smaller than observed,
but above 2000 m altitude it is consistently larger, on average
up to ∼0.9 compared to 0.8 (observed) at 2000 m. This dis-
crepancy may be partly due to sub-grid scale variability of
RH which affects AOT (Bian et al., 2009). Aerosol swelling
strongly increases with increasing RH for RH >90%, so the
overestimation may have contributed to the overestimation of
AOT (Table 1). In the dust period simulated RH at the sur-
face is relatively high, 0.8, and decreases to ∼0.6 in the dust
plume at 3000 m. RH is smaller than observed especially
at this altitude, which may be a result of inaccurate mixing
between dusty and clear air masses at the edges of the dust
plume.
Simulated RH profiles display similar discrepancies com-
pared to the observations as the simulated Aitken and accu-
mulation mode concentration profiles (Fig. 6). In the dry pe-
riod the simulated surface RH is larger than observed, which
is expressed in an overestimation of IWV (Fig. 3c). Also,
in the dry and the moist periods the model simulates a sharp
inversion of RH at ∼400 m altitude that is not observed, pos-
sibly associated with insufficient mixing between the surface
layer and the rest of the boundary layer. Additionally, the ob-
served RH gradient at the top of the BL is sharper than in the
model. This indicates that the simulated mixing between the
BL and the free troposphere is more efficient than in reality,
leading to excess moistening of the free troposphere.
Influenced by RH and particulate sulfate, the median wet
radius of the accumulation mode (Fig. 7f) is larger in the
moist and dust periods than in the dry period. Figure 7g
shows the simulated scattering coefficient µs . Absorption
in the simulation is of minor importance and will be ne-
glected here. The scattering coefficient µs maximizes in the
moist period, 0.25 km−1 at ∼2000 m altitude. During the
dust period also insoluble modes and the coarse mode con-
tribute to µs (see Table 1) and large values are calculated
close to the surface and above 2000 m. Total attenuated
backscatter measurements from the Cloud-Aerosol Lidar and
Infrared Pathfinder Satellite Observation (CALIPSO; http:
//www-calipso.larc.nasa.gov) that passed Cabauw in this pe-
riod at a distance of ∼200 km, show that the aerosol resides
predominantly below∼2 km in the dry and moist periods and
below ∼7 km in the dust period, consistent with our simula-
tion.
Integrating µs from the surface upward and dividing by
AOT yields a normalized cumulative AOT profile (Fig. 7h).
The profiles show that meteorological conditions strongly
influence the contribution of aerosol from different tropo-
spheric altitudes to the column AOT. In the dry period the
column AOT is dominated by the BL. About 60% of AOT
is contributed by aerosol residing between 250 and 2000 m,
with the remainder equally divided above and below. In the
moist period 60% of the AOT derives from aerosol residing
between 1500 and 2500 m where RH exceeds 90%. In the
dust period, however, about 80% of AOT originates from al-
titudes above 2000 m. On average, the contribution of the
boundary layer below 2000 m, where most anthropogenic
aerosol resides, is ∼80% for the dry period, ∼60% for the
moist period and ∼20% for the dust period.
4.1 Dry period, 7–12 May
In the dry period observed AOT ranges between 0.1 and 0.4
(Fig. 2a). On 7 and 8 May AOT minimizes at noon, and
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Figure 8.  a)  Fine mode particle  concentration (cm-3),  b)  RH, c)  median wet  radius  of  the 
soluble accumulation mode (nm), and d) the scattering coefficient (km-1) simulated for the dry 
period (May 7-13).	
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Fig. 8. (a) Fine mode particle concentration (cm−3), (b) RH, (c)
median wet radius of the soluble accumulation mode (nm), and (d)
the scattering coefficient (km−1) simulated for the dry period (7–13
May).
on 9–11 May AOT is increasing throughout the day. Simu-
lated AOT is smaller than observed and does not display a
distinct diurnal variability. To better understand the discrep-
ancies between model and observations we examine the sim-
ulated fine mode particle concentration Nf , RH, the median
wet radius of the accumulation mode r , and the scattering
coefficient µs in the lower troposphere between 7–12 May
(Fig. 8). Below 500 m the model simulates a relatively strong
daily variability for Nf (Fig. 8a). In the morning, particle
concentrations increase due to new particle formation as the
intensity of sunlight and photochemical activity increases, in
qualitative agreement with observed particle concentrations
at the surface (Fig. 3b). The concentration decreases again
after a few hours as result of the lifting of the boundary layer
top, and dry convective transport carries particles upward to
∼1800 m. A second concentration maximum at the surface
occurs around 20:00 h.
RH at the surface increases during the night to ∼75%, it
decreases again during the morning to 40% and increases
again in the evening (Fig. 8b). The wet radius r has a
daily cycle varying between 65 nm and 95 nm at the surface
(Fig. 8c). Taking into account that the simulated sulfate bur-
den varies less than 20% (Fig. 5a), we conclude that the vari-
ability in r is dominated by RH. The relatively strong contri-
bution by humidity in early morning is probably a contribut-
ing factor to the finding of Schaap et al. (2009) that the corre-
lation between AERONET AOT (reflecting both dry aerosol
matter and aerosol water) and surface PM2.5 (reflecting only
dry matter) is better at noon than in the morning. A weaker
daily RH cycle with a similar pattern is simulated in the rela-
tively humid layer between 1200 and 1800 m. This may be a
result of vertical mixing but the layer also displays a synoptic
scale variability with decreasing RH between 7–10 May and
increasing RH after that. Large values of µs associated with
relatively large RH are simulated in the boundary layer above
1000 m on 7 May and above 1500 m on 12 May. Here, µs ap-
pears to be correlated with r (and therefore RH) rather than
with Nf (Fig. 8d). Values of µs in the lowest 400 m of the
BL maximize in the morning due to relatively large particle
number concentrations and RH. µs decreases rapidly towards
noon and increases again in the early evening. The simu-
lated behavior below 400 m mimics the variability in AOT
observed by AERONET. However, the model atmosphere
below 400 m contributes only about 20% to the total simu-
lated AOT (Fig. 7h). it can be expected that more efficient
mixing, through turbulence or dry convection, will improve
simulated particle concentration and RH profiles and yield a
column AOT in better agreement with the observations.
4.2 Moist and dust periods, 22–30 May
Relatively few measurements are available for 25–27 May
due to occurrence of clouds and precipitation. Observed
AOT varies between 0.2 and 1.4 (Fig. 2a). Simulated
AOT agrees reasonably well with AERONET between 23–
26 May, but exceeds AERONET values after 27 May. This
may partly be due to overestimation of the atmospheric dust
burden (Fig. 4). In addition, the absorptive properties of dust
considered in ECHAM5-HAM are relatively small compared
to other estimates and model studies (Stier et al., 2005) and
this may have contributed to the discrepancy between mod-
elled and observed AOT.
Figure 9 shows fine mode particle concentration Nf , RH,
r and µs for 22–30 May. On 22–24 May particle concen-
trations below 400 m altitude show a qualitatively similar
pattern as in the dry period (Fig. 9a). High concentrations
are simulated between 1800 and 2500 m altitude. We remark
that, on average, particle concentrations are of the same or-
der of magnitude as in the dry period in the simulation as
well as observed. However, Table 1 shows that simulated
(observed) AOT in the moist period is larger by a factor of
3.5 (2.2) than in the dry period. This difference is due to RH
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Figure 9.  a)  Fine mode particle  concentration (cm-3),  b)  RH, c)  median wet  radius  of  the 
soluble accumulation mode (nm), and d) the scattering coefficient (km-1) simulated for the 
moist (May 22-26) and dust periods (May 27-30).	
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Fig. 9. (a) Fine mode particle concentration (cm−3), (b) RH, (c)
median wet radius of the soluble accumulation mode (nm), and (d)
the scattering coefficient (km−1) simulated for the moist (22–26
May) and dust periods (27–30 May).
(Fig. 9b). Although in the night of 22–23 May the lower BL
was relatively dry, clouds occurred in the upper BL. Clouds
were also present in the night of 24 May, and precipitating
clouds the following days, so that on 25 May a large fraction
of fine mode particles is washed out from the upper BL. The
median wet radius (Fig. 9c) and µs (Fig. 9d) again correlate
well with RH, and µs is considerably larger than in the dry
period. In the evening of 27 May the air above 400 m be-
comes relatively dry and fine mode particle concentrations
over Cabauw decrease considerably as Saharan dust is ad-
vected. The period 27–30 May is influenced by more compli-
cated meteorology and brings a brief intermezzo of moister,
relatively clean and dustless air from Atlantic origin in the
second half of 28 May, leading to a relatively small µs and a
minimum AOT in the night of 28 May (Fig. 2a).
4.3 Sensitivity study
The observations indicate that the aerosol contains more than
sufficient ammonium to completely neutralize sulfate. To in-
vestigate the potential influence of ammonium and nitrate
on AOT we performed an additional simulation in which a
ten-fold efficiency of dissolution of nitrate is assumed (see
Sect. 2), and aerosol ammonium is scaled accordingly. Fig-
ure 10 shows that with this assumption the simulated concen-
trations and diurnal cycle of nitrate and ammonium are ap-
proximately consistent with observations from ICG-2 Ju¨lich
in the dry period. Note that a similar daily aerosol nitrate
cycle and good correlation with RH has been observed in an
urban background location near London (UK) (Dall’Osto et
al., 2009; their Fig. 6).
The uptake of nitric acid and ammonia by the particles en-
hances their hygroscopicity, and this leads to additional water
uptake. In the dry period when RH maximizes in the night
the simulated wet accumulation mode radius reaches values
up to ∼110 nm, significantly larger than 95 nm simulated in
the base case simulation (see Sect. 4.1). As a result, the sim-
ulated average AOT in this period increases from 0.132 to
0.150 (+14%). The effect is stronger on relatively humid
days. For example, in the morning of 27 May the simulated
wet accumulation mode radius at the surface is ∼275 nm
compared to 180 nm in the base case simulation. In the moist
period the computed AOT increases on average from 0.469
to 0.602 (+30%). On the other hand in the dust period when
unsoluble aerosol is abundant AOT increases only mildly as
result of the uptake, from 0.909 to 0.914 (+0.5%). The results
from this sensitivity study are corroborated by simulations
with a column aerosol-cloud model with explicit inorganic
ch mistry including ammonium nitrate formation (Derksen
et al., 2010). This study shows that RH influences AOT in
various ways, not only directly via aerosol water but also
indirectly through a positive feedback between the amount
of aerosol water and the uptake of nitric acid and ammonia
from the gas phase. In addition, organic matter may play a
significant role. In a sensitivity simulation with an organic
solubility of 10% instead of 50%, the amount of aerosol wa-
ter was significantly smaller than in the base case, while AOT
was smaller by approximately 14% both in the dry and in the
moist period. The effect on the aerosol wet size suggests that
the solubility of the aerosol organic matter can thus influence
the aerosol uptake of nitric acid and ammonia as suggested
by Ming and Russell (2004).
5 Summary and discussion
We use the coupled aerosol-climate model ECHAM5-HAM,
extended with a cloud activation and cloud chemistry
scheme, in a nudged version to simulate the evolution of
aerosol chemical and optical properties during the intensive
aerosol-cloud measurement campaign IMPACT at Cabauw
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Figure 10. Observed (blue, green; see Fig. 5) and simulated (black) concentrations (µg/m3) of 
a) nitrate, and b) ammonium for the sensitivity study. 	
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Fig. 10. bserved (blue, green; see Fig. 5) and simulated (black)
concentrations (µg/m3) of (a) nitrate, and (b) ammonium for the
sensitivity study.
(the Netherlands) in May 2008. The observation period con-
sists of relatively dry and moist periods and concludes with
days characterized by advection of Saharan dust. The me-
teorology is represented adequately on synoptic scale, but
the wind direction shows some discrepancies compared to
observations while simulated IWV is larger than observed
by 10–20%. The total simulated aerosol mass at the surface
is about half the observed PM10 during most of the month,
mainly due to neglect of explicit nitric acid and ammonia
chemistry in the model. The dust burden over Cabauw after
25 May is overestimated. Simulated particle concentrations
and concentrations of aerosol sulfate and organics are of the
same order of magnitude as observed at the surface although
relatively large discrepancies, up to a factor of three, occur
during relatively humid conditions.
For validation, we compared simulated AOT with mea-
surements from the AERONET network. We found that L1.5
(cloud-filtered) and L2.0 (cloud-filtered and quality-assured)
data are relatively similar between 4–12 May when condi-
tions are relatively dry, but in the second half of the month,
especially after 26 May when Saharan dust is advected into
the area, L2.0 contains only few data compared to L1.5. The
L1.5 data in our opinion contain valuable information not
present in L2.0. They reflect, for example, the strong vari-
ations in AOT and AE caused by rapid changes in wind di-
rection in the night of 28 May, whereas L2.0 data do not.
Therefore we decided to compare the simulated AOT with
AERONET L1.5.
Monthly averaged values of simulated AOT are consistent
within 20% with AERONET L1.5 measurements. Monthly
averaged AOT, however, is not a good measure of model per-
formance since AOT displays a relatively large variability on
both synoptic and hourly/diurnal scales. The model under-
predicts AOT by ∼30% when the atmosphere is relatively
dry, and overpredicts AOT by ∼15% under relatively moist
conditions. Discrepancies between simulated and observed
moisture and particle concentration profiles suggest that in-
adequate BL mixing may be partly responsible. In the dry
period the upward mixing during daytime of aerosol and hu-
midity from the surface appears too weak. Further, the trans-
port of aerosol, aerosol precursors and humidity from the up-
per BL to the free troposphere appears to be overestimated.
This may have caused the discrepancies between simulated
and observed Aitken mode particle concentrations in the BL
and the free troposphere. Simulated profiles of accumulation
and coarse mode particle concentrations are in better agree-
ment with the observations. It may be expected that with a
more realistic representation of BL dynamics with a less per-
meable BL top and realistic vertical mixing within the BL,
the diurnal cycle of RH and particle concentrations will prob-
ably be expressed more prominently in AOT.
We analyzed and compared days with relatively dry and
moist conditions. Aerosol dry mass and particle concen-
trations are of comparable magnitude in both periods while
AOT differs by a factor of 2.2 in the observations, or 3.5 in
the model. Further, the relative contribution of different at-
mospheric altitudes to AOT is different, and depends largely
on the RH vertical profile. In the moist period the humid
upper BL between 1500 and 2500 m altitude contributes rel-
atively strongly to AOT while in the dry period the contribu-
tion is distributed more or less evenly below 2500 m altitude.
This strongly suggests that the variability of RH dominates
the variability of AOT on synoptic scales during IMPACT,
rather than particle concentration and aerosol hygroscopic-
ity. However, the strongly RH-dependent exchange of trace
species between the gaseous and the aerosol phase may play
an additional significant role. In the northwest European re-
gion atmospheric concentrations of nitric acid and ammonia
are relatively high. A simulation with realistic concentrations
demonstrates that the diurnal variability of RH induces cy-
cling of these species between the gas phase and the aerosol,
which further influences the aerosol water uptake. This en-
hances AOT further, in our study up to 30%. Aerosol organic
matter co-determines the aerosol water uptake to a signif-
icant extent, and thus may further influence the uptake of
ammonia and nitric acid. Consequently, realistic representa-
tion in climate models of the relation between RH, aerosol
inorganic and organic soluble components, water uptake and
gas-aerosol cycling of nitric acid and ammonia is required
for accurate computation of AOT in the northwest European
region.
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